Abstract Sago pith residues (58 % starch, 23 % cellulose, 9.2 % hemicellulose, and 4 % lignin) are one of the abundant lignocellulosic residues generated after starch extraction process in sago mill. In this study, fermentable sugars from enzymatic hydrolysis of sago pith residues were converted to acetone-butanol-ethanol (ABE) by Clostridium acetobutylicum ATCC 824. With an initial concentration of 30 g/L of concentrated sago pith residues hydrolysate containing 23 g/L of glucose and 4.58 g/L of cellobiose, 4.22±0.17 g/L of ABE were produced after 72 h of fermentation with yield and productivity of 0.20 g/g glucose and 0.06 g/L/h, respectively. Results are in agreement when synthetic glucose was used as a carbon source. Increasing sago pith residue hydrolysate to 50 g/L (containing 40 g/L glucose) and supplementing with 0.5 g/L yeast extract, approximately 8.84±0.20 g/L of ABE (5.41±0.10 g/L of butanol) were produced with productivity and yield of 0.12 g/L/h and 0.30 g/g glucose respectively, providing a 52 % improvement.
Introduction
The increasing expansion of agro-industry has led to the accumulation of large quantities of lignocellulosic residues, such as oil palm wastes, rice straw and sugarcane bagasse as well as sago pith residues. Sago pith residues are one of the abundant lignocellulosic residues available in the state of Sarawak, Malaysia [4] . Approximately 7.2 thousand tons of sago pith residues are generated annually from sago mills [6] and usually discharged into nearby rivers together with sago effluent without proper treatment. Sago pith residues, the final waste product generated during extraction process of sago starch in sago mills, is starchy lignocellulosic. According to Ozawa et al. [26] , sago pith residues contain 58 % starch, 23 % cellulose, 9.2 % hemicelluloses, and 3.9 % lignin. The presence of lignocellullosic materials in sago pith residues becomes a strong pollutant to the surrounding soil and water due to its slow degradability in the environment [1, 4, 8] . Therefore, it is necessary to develop an alternative utilization of sago waste to minimize the cost of waste treatment and to solve environmental problems.
Previously, sago pith residues have been used as medium for edible mushroom cultivation [7, 12] and substrate for the production of laccase enzyme using Pleurotus sajor-caju [15] and Pycnoporus sanguineus [35] . According to Bujang et al. [7] , sago pith residues is normally mixed with supplementary food material and used as animal feed. Sago pith residues also have the potential to be converted into fermentable sugars by Bacillus amyloliquefaciens UMAS 1002 [4] and through acid and enzymatic hydrolysis [16] . Fermentable sugars obtained from hydrolysis of sago pith residues can be used as a cheap carbon source in the fermentation industry [22, 27] and for the production of bioethanol [34] .
Currently, interest in biotechnological production of biobutanol has creating high demands for alternative biofuels instead of bioethanol. Biobutanol is a metabolic product produced by the anaerobic conversion of carbohydrates by solventogenic clostridia into acetone, butanol, and ethanol [30] . This fermentation is known as "Acetone-butanol-ethanol fermentation or ABE fermentation", with a product ratio of 3:6:1 since acetone and ethanol are also produced during the fermentation [17] . Biobutanol has many advantages as an alternative transportation fuel as well as a fuel extender. Biobutanol is less miscible in water and has higher energy content than ethanol. It can be blended with gasoline at any ratio and can be used directly in any gasoline engine without modification [9] . The fermentation of biobutanol by solventogenic clostridia involved two phases, which are acidogenesis and solventogenesis. During acidogenesis phase, the major products produced are acetic acid, butyric acid, carbon dioxide (CO 2 ), and hydrogen (H 2 ). The acetic and butyric acids produced from the first stage of acidogenesis are reassimilated and converted to acetone, butanol, and ethanol in solventogenesis phase.
According to Berezina et al. [5] and Qureshi and Blaschek [29] , the cost of substrate is the most important factor that influences the ABE fermentation. Therefore, ABE fermentation should focus on utilization of low-cost substrates that are found in abundance supplied and easily hydrolysed to fermentable sugars without involving high cost of pretreatment [18] . Since sago pith residues are consistently supplied, low cost, and involve simple pretreatment, this present study was carried out to investigate its feasibility to be utilized in bioconversion process to produce ABE. In this study, sago pith residues were treated with dextrozyme to remove the starch prior to hydrolysis into fermentable sugars using crude cellulases produced from local isolates namely Aspergillus fumigatus UPM2. The fermentable sugars obtained were used as a carbon source for ABE production by Clostridium acetobutylicum ATCC 824. This current study also offers an efficient utilization of sago waste for value added product in addition to relieving the environmental burden from the sago waste released.
Methods and Materials

Sago Pith Residues Hydrolysate Preparation
Five percent of sago pith residues were hydrolyzed using crude cellulases from A. fumigatus UPM2 (23.4 IU β-glucosidase) at pH5.0 and temperature of 50°C for 72 h with agitation speed of 200 rpm. The mixture was centrifuged at 3,500 rpm for 10 min to separate the supernatant and the solid residues. The hydrolysate obtained was kept at 4°C and used as carbon source.
Strain and Inoculum Development C. acetobutylicum ATCC 824 was used in this study. The culture was kept as spore in Reinforced Clostridial Medium (RCM) at 4°C. One milliliter of spore suspension was transferred into 9 mL fresh RCM. The spores were heat shocked at 80°C for 10 min [33] and incubated at 37°C for 24 h. Then, the overnight culture was transferred to serum bottle containing 45 mL of RCM for pre-culture and incubated at 37°C for 24 h. The RCM contained the following substances per liter of distilled water: 10 g meat extract, 5 g peptone, 3 g yeast extract, 20 g glucose, 1 g starch, 5 g sodium chloride, 0.5 gL-cystein HCL and 0.5 g technical agar that was sterilized by autoclaving at 121°C for 15 min.
ABE Fermentation
Fermentations were conducted in batch mode in 100-mL serum bottles. Fifty milliliter medium containing sago pith residues hydrolysate (30-70 g/L) and yeast extracts (0-5 g/L) were transferred into the serum bottles and sealed with rubber stoppers. The air was removed by sparging over the medium with oxygen-free nitrogen gas for 10 min before autoclaving at 115°C for 15 min. On cooling to the temperature, filter-sterilized P2 stock solution was added. [28] . Ten percent (v/v) actively growing cell in RCM medium was inoculated into fermentation media in all fermentation. All the serum bottles were incubated in shaker incubator with agitation 120 rpm for 120 h. The temperature was maintained at 37°C and samples were withdrawn every 24 h for ABE, acids, optical density, and residual sugars analysis. Experiments were conducted in triplicates. Samples were centrifuged at 12,600 rpm for 15 min and the supernatant was filtered using cellulose nylon membrane filter (0.22-μm pore size) for analysis.
Analytical Methods
The fermentation products ABE and acids were analyzed using gas chromatography (Model GC-17A, Shimadazu, Japan) equipped with a flame ionization detector (FID) and capillary column packed with polar BP 20 [21] . Yield was defined as grams of ABE produced per gram of glucose or sugar utilized. ABE productivity was calculated as total ABE produced in gram per liter divided by the fermentation time and is expressed as gram per liter per hour.
Individual sugars were measured using a highperformance liquid chromatography (HPLC) equipped with a Rezex RPM-Monosaccharide column using deionized water as the mobile phase at flow rate of 0.6 mL/min and 80°C. Total reducing sugars concentrations were determined according to the dinitrosalicylic acid (DNS) method [23] . The cell count was measured by reading the optical density of the culture using spectrophotometer at wavelength 680 nm.
Results and Discussion
Composition of Sago Pith Residues Hydrolysate
From the saccharification process, about 20.77 g/L reducing sugars were obtained. Analysis of sugars using HPLC shows that the sago pith residues hydrolysate consisted mainly of glucose (10 g/L) and cellobiose (4.26 g/L). For subsequent experiment, the hydrolysate obtained was concentrated at 50°C using rotary evaporator to get about 30, 50, and 70 g/L of reducing sugars that contain 23, 40, and 57 g/L of glucose, respectively.
Production of ABE Using Sago Pith Residues Hydrolysate
To investigate the feasibility of sago pith residues hydrolysate for ABE production, 30 g/L of concentrated hydrolysate containing 23 g/L of glucose and 4.58 g/L of cellobiose obtained from saccharification was used as the carbon source in P2 medium by C. acetobutylicum ATCC 824. The control experiment for ABE fermentation was conducted using 23 g/L of synthetic glucose and 4.58 g/L of synthetic cellobiose as carbon source.
In this experiment, acidogenic phase was observed within 24 h of fermentation where acetic acid and butyric acid were mainly produced. The production of organic acids at 72 h of fermentation using both sago pith residues hydrolysate and synthetic glucose was high with 11.23 g/L (6.37±0.33 g/L acetic acid and 4.86±0.49 g/L butyric acid) and 13.38 g/L (6.87±0.74 g/L acetic acid and 6.51±0.02 g/L butyric acid), respectively. Sun and Liu [33] also reported high production of acetic and butyric acid was obtained within 48-96 h of ABE fermentation by C. acetobutylicum ATCC 824 using sugar maple hydrolysate that was treated with phosphoric acid and ammonium. They found as high as 8.5 g/L of organic acids and less than 1 g/L of total solvents were produced after 72 h of fermentation. It is likely that phase transition from acidogenic to phase to solventogenic phase did not occur completely. In the case of ABE fermentation using steam-exploded corn stover hydrolysate (53.52 g/L of reducing sugars) by C. acetobutylicum ATCC 824, this culture produced 3.71 ±0.04 g/L of solvents and 7.25± 0.30 g/L of organic acids in 72 h. High concentration of organic acids accumulated in fermentation system decreased the capability of the microorganism for uptake and recycling of both butyric and acetic acid, thus resulting in low ABE concentration produced [36] . Table 1 shows the comparison of ABE production by C. acetobutylicum ATCC 824 using both sago pith residues hydrolysate and synthetic glucose as carbon source. It was observed that solvents were mainly produced during the late stationary phase (solventogenesis) at 72 h of fermentation. This culture produced 1.73± 0.12 g/L acetone, 2.23±0.12 g/L butanol, and 0.26±0.03 g/L ethanol with total solvents 4.22 g/L using sago pith residues hydrolysate. The ABE fermentation using synthetic glucose resulted in 1.43±0.01 g/L acetone, 2.10±0.05 g/L butanol, and 0.27±0.03 g/L ethanol with total solvents 3.80 ± 0.04 g/L. The ABE production using sago pith residues hydrolysate is slightly higher than fermentation using synthetic glucose, however the 10 % difference is negligible since the sugar hydrolysates used is a mixture of sugar components. Based on fermentation time of 72 h, almost 93 % of glucose in sago pith residues hydrolysate was consumed by the strain, leaving 1.61 g/L of glucose as residual sugars in the medium. Meanwhile, cellobiose was not utilized by the strain during the fermentation (data not shown). It is likely that cellobiose would not be consumed until glucose was completely consumed when mixed sugars are present in the culture medium. The ABE yield and productivity obtained using sago pith residues hydrolysate were 0.20 g/g glucose and 0.06 g/ L/h, respectively. This result is almost comparable to the result obtained using synthetic glucose which the ABE yield and productivity was 0.18 g/g glucose and 0.05 g/L/h, respectively. Table 2 shows the comparison of ABE production by Clostridium species using agricultural residues hydrolysate. Qureshi et al. [30] reported on ABE fermentation using 54.3 g/L of corn fiber hydrolysate containing 22.4 g/L glucose as a substrate by C. beijerinkii BA101. The total ABE concentration obtained was 1.6±0.4 g/L. According to Qureshi et al. [30] , low concentration of ABE might be due to the present of an inhibitor in the hydrolysate. The total solvents obtained was increased from 1.6 to 9.3 g/L when the inhibitor, such as furfural, hydroxymethyl furfural (HMF), and ferulic compounds were removed from in corn fiber hydrolysate using XAD-4.
Production of ABE by C. beijerinkii P260 using switch grass hydrolysate with initial sugars concentration of 60 g/L also did not produce more than 1.48 g/L of total solvents as reported by Qureshi et al. [32] . The culture was not able to grow and produce ABE in switch grass hydrolysate. The current study suggested that sago pith residues hydrolysate could serve as a good substrate for ABE production. The ABE produced using sago pith residues hydrolysate was approximately 2.5 fold higher than corn fiber hydrolysate and switch grass hydrolysate. However, there is not much difference between the ABE production using sago pith residues hydrolysate and oil palm empty fruit bunch (OPEFB) hydrolysate [13] .
Characterization of Sago Pith Residues Hydrolysate Performance on ABE Production
Effect of Sago Pith Residues Hydrolysate Concentration
The performance of ABE fermentation by C. acetobutylicum ATCC 824 using different concentration of hydrolysate has been studied and the results are shown in Table 3 . Hydrolysate of concentration 30, 50, and 70 g/L contain 23, 40, and 57 g/L of glucose, respectively. The highest ABE and butanol concentration obtained were 7.35±0.08 and 4.04±0.17 g/L, respectively when 50 g/L of hydrolysate, which contained 40 g/L of glucose, was used as carbon source. The ABE yield and butanol yield obtained were 0.24 and 0.13 g/g glucose, respectively. The concentration of ABE produced using 30 and 70 g/L of hydrolysate were 4.22±0.17 and 5.98±0.05 g/L, respectively.
As shown in Table 3 , increasing hydrolysate concentration from 30 to 50 g/L tends to enhance the production of total ABE and butanol. However, increasing the hydrolysate concentration from 50 to 70 g/L decreased the total ABE and butanol production. This finding is in contrast with the results of Abd-Alla and El-Enany [2] , who recommended that increasing substrate concentration up to 75 g/L, increased the ABE production. However, this result shows similar trends with the study done by Al-Shorgani et al. [3] , who reported that increasing glucose concentration from 10 to 50 g/L tend to increase ABE concentration but glucose concentration higher than 50 g/L resulted in decreasing of ABE concentration. According to Kumar and Das [14] , this might be due to substrate inhibition and the presence of inhibitor in the hydrolysate such as acetic acid (3.6 g/L) before the fermentation was carried out.
Effect of carbon source limitation on cell growth and ABE production also was observed in this study. When only 30 g/L of hydrolysate was supplied into the P2 medium, the strain produced more acetic acid (6.37 g/L) and butyric acid (4.86 g/L) thus contributing to low ABE production. High concentration of acids can inhibit the bacteria to shift from acidogenesis to solventogenesis. It was observed that the fermentation using 50 g/L of hydrolysate resulted in low concentration of total organic acids (3.10 g/L acetic acid and 1.78 g/L butyric acid) accumulated in the fermentation broth. Lower accumulation of organic acids in the fermentation broth can exhibit the solvent production during solventogenesis phase [20] . In conclusion, 50 g/L of hydrolysate was selected and used for the subsequent experiments.
Effect of Different Initial Culture pH
Effect of initial culture pH on ABE production was carried out in this study since the external pH medium has been recognized as one of the key factors that influence in transition from acidogenesis to solventogenesis phase by C. acetobutylicum [10, 25] . The performance of ABE fermentation by C. acetobutylicum ATCC 824 at different initial culture pH is shown in Table 4 . From the observation, high ABE concentration of 7.35±0.08 g/L (4.04±0.17 g/L of butanol) and low amounts of butyric and acetic acid (1.78±0.19 and 3.10±0.06 g/L) were detected in fermentation medium at initial culture pH5.0 as compared to initial culture pH values 5.5, 6.0, and 6.5. Geng and Park [11] also reported that high yield of solvents (0.39 g solvents/g glucose) and butanol (0.29 g butanol/g glucose) were obtained at initial culture pH5.0. From this study, it was found that increase in initial culture pH from pH5.0 to 6.5, enhanced acetic and butyric acid production but less ABE was produced. Total acids accumulation at initial pH6.5 was 13.31 g/L, meanwhile the production of total solvent was very low with only 1.48 ± 0.18 g/L of ABE (0.7 g/L of butanol) produced. These findings are in agreement with the result of Geng and Park [11] who reported that at initial culture pH6.0 and above, the culture tends to produce mostly organic acids (16.1 g/L of butyric acid and 11.5 g/L of acetic acids) with a small amount of ABE (1.5 g/L). In addition, higher organic acids concentration of 13.05 g/L was reported by Ibrahim et al. [13] when ABE fermentation from treated OPEFB hydrolysate was conducted at initial pH6.5. At initial culture pH4.5, very low concentrations of organic acids and ABE were produced due to insufficient growth during the early stages of fermentation.
The accumulation of high concentrations of acids is toxic to the cell which in turn, reduced solvent production [9, 13, 25] . According to Ibrahim et al. [13] , they observed that the accumulation of organic acids between 5 and 13 g/L in fermentation system, have an inhibitory effect on cell growth. In addition, when the concentration of undissociated acetic and butyric acid becomes sufficiently high (>1.5 g/L), it can disrupt the membrane protein function in the cell by acidifying clostridia cells cytoplasm. Disruption of membrane protein function may result in inhibition of metabolic functions (such as enzyme metabolism, nutrient, and ion transport) in the cell to produce organic acids and ABE [9, 25] .
Effect of Different Concentration of Yeast Extract
To evaluate the effect of yeast extract concentration ranging from 0 to 5 g/L on ABE production, the study was carried out at pH5.0 using 50 g/L of sago pith residues hydrolysate. The performance of ABE fermentation by C. acetobutylicum ATCC 824 using different concentration of yeast extract was studied and the results are shown in Table 5 .
The highest ABE concentration of 8.84±0.20 g/L was achieved when 0.5 g/L of yeast extract was supplied into the fermentation medium. The ABE yield and productivity The addition of high yeast extract concentration at 5 g/L into fermentation medium resulted in high organic acid production (4.88 g/L) at 72 h of fermentation. This finding is in agreement with the results obtained by Maddox et al. [20] who reported that under the condition of nitrogen excess, the fermentation became acidogenic rather than solventogenic. It was observed that in the highest yeast extract loading (5 g/L), the optical density of the cell within 48 h of fermentation is 1.87. The organic acids concentration was 6.69 and only 3.77 g/L of butanol produced. The optical density of the cell decreased to 1.76 at 72 h of fermentation showing the reduction in cell growth. The accumulation of high amount of acids in the early stage of fermentation may inhibit the cell metabolism thus resulting in lower ABE production especially butanol production. According to Madihah et al. [21] , nitrogen limitation and excess of carbon source in ABE fermentation was required for high ABE production. It was suggested that better condition for solvent production occurs when the nutrient supply is just sufficient for growth. In addition, Monot et al. [24] also reported that high nitrogen concentration (>2.2 g/L) favors the production of acids but decrease solvent production.
Conclusions
Sago pith residues hydrolysate exhibited as potential substrate for ABE production. In this present study, the ABE fermentation using 50 g/L of sago pith residues hydrolysate with addition of 0.5 g/L yeast extract at initial culture pH5.0 resulted in higher ABE production of 8.84±0.20 g/L (5.41±0.10 g/L of butanol), in which corresponds to 52 % of ABE increment. The ABE productivity and yield obtained were 0.12 g/L/h and 0.30 g/g glucose, respectively. In ABE fermentation, suitable initial pH, sufficient carbon, and nitrogen source loading applied in fermentation system is important to support cell growth and exhibit the bacteria to shift from acidogenesis to solventogenesis.
Future Work
Improvement in ABE fermentation from sago pith residues hydrolysate is important to obtain high concentration of acetone-butanol-ethanol and less by-product. Therefore, ABE fermentation requires optimization of fermentation condition, particularly nutritional (inorganic nitrogen sources such as (NH 4 ) 2 SO 4 , NH 4 NO 3 , and (NH 4 ) 2 SO 4 ; KH 2 PO 4 ; MgSO 4 ; FeSO 4 ) and environmental parameters (temperature, pH, and agitation speed) which play importance roles in cell growth and production of solvents. Further work on the use of this hydrolysate for ABE production by C. acetobutylicum ATCC 824 should be carried out in fully equipped fermenter such as 2-L stirred tank fermenter using optimized condition.
